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POTENTIAL CURVES AND ROTATIONAL PERTURBATIONS OF CN

Robert J. Fallon, Joseph T. Vanderslice, and Robert D. Cloney

Institute for Molecular Physics, University of Maryland, College Park, Maryland

ABSTRACT

Potential energy curves for the X2 + , A 2rr3 / 2 , A2 Tl/2, B 2 , D2rri

and J states of CN have been calculated from the experimental data by

the Rydberg-Klein-Rees method. The resulting curves have been used to dipcuss

qualitatively the rotational perturbations in the v = 7 vibrational level of

the 2 nI/2 electronic state.

This research has been supported in part by the Office of Naval Research.



INTRODUCTION

This is one of a series of papers dealing with the potential energy

curves of diatomic species which are of interest in the study of flames and
1

astrophysical problems. The species CN is present in hot flames, in solar

and stellar atmospheres,2 and in the heads of comets.2  In addition, the band

spectra of CN is observed when air and hydrocarbon impurities are present

in a shocked gas.3 The following reactions have been proposed as possible

causes for CK emission in shocks.3'4

C OP) + N ( 2 D) WfCN (B2 +)v=i--*CN ( X  h. )v=i + hr.

Carbon atoms are known to exist in hot flames5and it is therefore possible

that the above atom recombination reaction is also of importance in these

system. For these reasons it was thought that a reliable knowledge of the

potential curves for CN would be of some value.

The rotational perturbations observed in the A2 "73/2 and X 2 states

of CN are also of interest.6  These two curves cross at an energy near those

of the perturbed levels. Hence if one has reliable potential curves for

these states, then one should be able to discuss qualitatively the effects

of the Frandk Condon factor in the perturbations along the lines given by

Nulliken.
7

Spectroscopic data 6,8,9 are available to some extent on the

x2 + , A2 l , B2  1 D2 "l,, and J2/Li electronic states of CN. The

Rydberg-Klein-Rees (RnR) method10 therefore offers a simple and reliable

procedure to obtain potential curves for these five electronic states.
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PROCEDURE AND RESULTS

The RKR method is a WKB approximation which allows one to obtain

reliable potential curVes from the measured vibrational and rotational levels

of a diatomic molecule. The method and procedure have been described in detail

elsewhere1 0 '1 1 and are not repeated here. The method yields the maximum and

minimum points of vibration, rmax and rmin, at a given energy, U. The method

is, of course, limited to regions of energy for which the necessary spectroscopic

2 +2 2 2 +2
data are available. The results for the X + E , A13, A Il, B/2 , D Ti

and J2Z electronic states of ON are given in Table I and corresponding curves

are shown in Fig. 1. The A 21i electronic states are intermediate between

Hund's cases (a) and (b) and hence the 2 17 2 and 2 1 1/ 2 states were nalculated

from a modified RKR procedure.12  The number of significant figures given

for the X 2 - and A 2TI states is one more than is usually given. We have done

this so as to give a more precise discussion of the rotational perturbations

in these two states. It must be remembered however, that there is some

uncertainty in the last figure given.

ROTATIONAL PERTURBATIONS

The rotational perturbations observed in the A
2TT,/2 and the X2jL

+

states of CN have been discussed in detail by Herzberg2 and by Jenkins, Roots,

and Mulliken.7 The latter authors have pointed out that the rotational

perturbations occur in the v = 11 vibrational level of the 2E-+ and the

v = 7 (see Hersberg, ref.2) level of the 21"I3/2 state. The maximum perturbations

occur near values of J = 12 1/2 and 13 1/2. The perturbations are due to the

fact that the vibrational-rotational levels of both states have almost the



same energies for these values of J and also that the effective potential

energies, given by

U =U (r) + E rot(r) (1)

where U (r) is the potential for the rotationless state, cross at these

energies. The general situation is illustrated in Fig. 2.

With our present more precise knowledge of the potential curves, it

should be possible to look at the details of the crossing more precisely. To

do this, one has to first calculate the effective potential curves for the

two states for the J values of interest. This can be done from equation (1)

with the appropriate expression for E rot  For the )+ state which falls

in Hund's case (b) the rotational energy is given simply by

Erot(r)= - 2 N (N + 1) (2)

where N is the quantum number associated with the sum of orbital electronic

angular momentum and the angular momentum of the nuclei. The A2TI3/2 electronic

state is an example of a state intermediate between Hund's cases (a) and (b)

and hence we have taken the rotational energy to be given by 13,12

Erot (r) = Br A + /2) 2 . 2  (j + 1 ) 2 +Y r(r. 4)2 (3)

since the A2 "I is an inverted doublet. In this expression Yr= Ar/r

Btr = h2/ 8K2Ar2, Ar is the spin-axis coupling constant 2 and J = N + 1/2.

In this calculation, A has been taken to be a consJaht independent of r sincer

was found to be independent of the vibrational levels. 6 (This is only a



plausible reason that A can be independent of r). The values of U (r) werer

taken from Table I.

The results for the different J values of interest can best be

summarized in tabular form. These are given in Table II and the appropriate

definition of the various quantities are illustrated in Fig. 3. There are

several things of interest about the results. For one thing, the rotational

levels of the v = 7 level of the A 2f11 state are quite close to the energy

at which the effective potential energy curves cross for values of J from 10 1/2

to 18 1/2. For J 12 1/2, the crossing points and the r' and r" distances

are within 0.001 A, the expected error in the RKR method. However a small

difference in r' and r" can cause a relatively large difference in

E -E (2 ,/2) (v = 7,J) since the A21-I3/2 and X 2 _ + curves have almost

the same slope in this region. We can conclude therefore that the r',r" and r

distances are extremely close to one another and that the energies of crossing

Ex, are not appreciably different from the rotational energies of the 21"I3/2

2 +
and EL_ states for the range of J values considered. Finally we notice that

the difference in the energy levels of the two states changes in sign as J

varies from 10 1/2 to 18 1/2 and is almost zero for J = 12 1/2, 13 1/2, and 14 1/2.6

The probability of perturbation is proportional to an electronic rotation

factor and to a Franck-Condon factor
7

j /A v(r ) XBJ(r) dr(4
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where K J v' is the vibrational-rotational wave function of state A and

B J v is the corresponding wave function for state B. The Franck-Condon

factor depends on the relative position and forms of the potential curves.

In the cases under consideration here, the overlap integral (4) should be

quite large for J = 10 1/2 to 18 1/2. This is because the energy of the

vibrational-rotational levels are close together and also because the

turning-points of the motion in the corresponding states are almost identical

to within the error of the graphical method and the RKR results. Both factors

contribute to large overlap. Hence, according to the Franck-Condon factor

alone, the perturbations should be large and extensive. In the case of a

heterogeneous predissociation considered here,7 the electronic rotation

factor is nearly a constant times J (J + 1). The constant depends on the

nature of the two interacting states. In the present case, it must be small

to offset the rather large expected Franck-Condon factor. These conclusions

agree with those obtained by Mulliken over thirty years ago on the basis

of simple Morse curves which can be regarded as giving only rough approximations

to the actual curves in the regions of interest here.
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Figure Captions

Fig. 1. Potential Energy Curves for various states of CN

Fig. 2. Illustration of the crossing of effective potential curves and

how it affects perturbations (see text).

Fig. Diagram to illustrate the important energy and distance values

in the discussion of rotational perturbations.
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Table I. Potential Energy Curves for Different Electronic States of CNa.

State TO(ev) v U(cl l) rmin  r., U (ev) U+Ta(ev)

X2F +  0 0 1031.2 1.1237 1.2244 0.1278 0.1278
1 3073.6 1.0923 1.2676 o.3811 0.3811
2 5089.7 1.0722 1.2997 0.6310 o.6310
3 7079.5 1.0566 1.3274 0.8777 0.8777
4 9042.8 1.0438 1.3525 1.1211 1.1211
5 10980 1.0327 1.3760 1.3613 1.3613
6 12890 1.0230 1.3984 1.5981 1.5981
7 14775 i.0143 1.4198 1.8317 1.8317
8 16632 1.0063 1.4406 2.0620 2.0620
9 18463 0.9991 1.4610 2.2890 2.2890

10 20267 0.9924 1.4809 2.5127 2.5127
11 22045 0.9861 1.5005 2.7330 2.7330

12 23797 0.9803 1.5200 2.9503 2.9503
13 25520 0.9749 1.5393 3.1639 3.1639
14 27217 0.9696 1.5583 3.3743 3.3743
15 28887 0.9648 1.5774 3.5813 3.5813
16 30530 0.9602 1.5964 3.7850 3.7850
17 32146 0.9558 1.6153 3.9853 5.9853
18 33734 0.9516 1.6343 4.1823 4.1&23

A2 13/2(J=3/2) 1.14332 0 903.99 1.1827 1.2900 0.1121 1.2554

1 2691.1 1.1482 1.3354 0.3336 1.4770
2 4452.9 1.1269 1.3701 0.5521 1.6954
3 6189.4 1.1105 1.4001 0.7673 1.9107
4 7900.4 1.0969 1.4273 0.9795 2.1228
5 9585.9 1.0852 1.4529 1.1884 2.3318
6 11245 1.0749 1.4773 1.3942 2.5375
7 12880 1.0657 1.5007 1.5968 2.7401
8 14487 1.0573 1.5236 1.7960 2.9393
9 16070 1.0497 1.5459 1.9923 3.1356

10 17627 1.0426 1.5679 2.1853 3.3286
11 19158 1.0560 1.5896 2.3751 3.5184
12 20663 1.0298 1.6111 2.5617 3.7051

13 22142 1.0240 1.6325 2.7451 3.8884
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Table I. Continued.

State Tg(ev) v U(cmu) rmin rmax  U (ev) U+Te(ev)

A1312(J-3/2) 14 23594 1.0186 1.6538 2.9254 4.0687
15 25021 1.0134 1.6750 3.102o 4.2454

16 26422 1.0083 1.6960 3.2757 4.419o

17 27795 1.0038 1.7175 3.4460 4.5893

18 29142 0.9994 1.7388 3.6130 4.7563
2TI1 /2 ( J=1/2) 1.14959 0 903.99 1.1816 1.2891 0.1121 1.2617

1 2691.1 1.1484 1.3356 0.3336 1.4832

2 4452.9 1.1272 1.3704 0.5521 1.7017

3 6189.4 1.1109 1.4006 0.7673 1.9169
4 7900.4 1.0975 1.4280 0.9795 2.1291

5 9585.9 i.o86o 1.4537 1.1884 2.3380

6 11245 1.0759 1.4783 1.3942 2.5438
7 12880 1.0668 1.5019 1.5968 2.7464

8 14487 1.0587 1.5249 1.7960 2"9456

9 16070 1.0512 1.5475 1.9923 3.1419

10 17627 1.0443 1.5696 2.1853 3.3549

11 19158 1.0379 1.5916 2.3751 3.5247

12 20663 1.0319 1.6133 2.5617 3.7113

13 22142 1.0263 1.6348 2.7451 3.8947

14 23594 1.0211 1.6563 2.9254 4.0750

15 25021 1.0161 1.6778 3.1o2o 4.2516

16 26422 1.0115 1.6992 3.2757 4.4253

17 27795 1.0070 1.7207 3.446o 4.5956

18 29142 1.0028 1.7423 3.6130 4.7626

B2E +  3.1927 0 1077 1.104 1.203 0.1335 3.3262
1 3200 1.074 1.246 0.3968 3.5895

2 5284 1.055 1.279 0.6551 3.8478
3 7325 1.040 1.307 0.9081 4.i008

4 9321 1.027 1.333 1.1556 4.3483

5 11269 1.016 1.358 1.3971 4.5898

6 13167 1.007 1.383 1.6324 14.8251
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Table I. Continued

State Te(ev) v U(cm "I  rmi n  rmax  U (ev) U+Te(ev)

B2 +  3.1927 7 15011 0.999 1.407 1.8611 5.0538

8 16799 0.992 1.432 2.0827 5.2753

9 18527 0.986 1.457 2.2969 5.4896

10 20192 0.980 1.483 2.5034 5.6961
11 21795 0.974 1.509 2.7021 5.8948

12 23338 0.970 1.535 2.8933 6.0860

13 24821 0.965 1.562 3.0773 6.2699

14 26249 0.961 1.589 3.2542 6.4469

15 27623 0.957 1.617 3.4247 6.6173

16 28948 0.953 1.644 3.5889 6.7816

17 30228 0.950 1.672 3.7475 6.9402

18 31464 o.946 1.701 3.9008 7.0934

D 2IT 6.7550 0 500.1 1.431 1.576 0.06201 6.817o
1 1487 1.386 1.639 0.1844 6.9394

2 2457 1.358 1.686 0.30o46 7.0596

3 3409 1.336 1.727 0.4226 7.1776

8.0902 0 557.4 1.351 1.488 0.06910 8.159

1 1651 1.310 1.550 0.2047 8.2949

2 2719 1.285 1.598 0.3370 8.4272

3 3760 1.266 1.640 0.4661 8.5563

4 4777 1.250 1.679 0.5922 8.6824

Note that the potential curve has been calculated for the J = 3/2 and J = 1/2

rotational levels of the 2 ri3 /2 and 2 11/2 states respectively. These are the

lowest possible J values. 2
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Table II. Significant Energy and Distance Points for Discussion of Rotational

Perturbations in the and 2 States.

J n E(v=7,,J)ci1 AE(c- " ) r,(A) r"(A) r (A) E (cml)

10 1/2 22,283 + 9 1.5o14 1.5017 1.5027 22,370

12 1/2 22,357 + 4 1.5017 1.5020 1.5027 22,424

13 1/2 22,399 - 2 1.5019 1.5021 1.5027 22,452

14 1/2 22,444 - 7 1.5021 1.5022 1.5028 22,492

15 1/2 22,492 -14 1.5023 1.5024 1.5028 22,528

16 1/2 22,543 -20 1.5025 1.5026 1.5028 22,570

17 1/2 22,597 -27 1.5027 1.5027 1.5029 22,612

18 1/2 22,655 -31 1.5029 1.5029 1.5029 22,655

a Refer to Fig. 3 for explanation of symbols.



REFERENCES

1 A. 0. Gaydon, The Spectroscopy of Flames (John Wiley and Sons, Inc.
New York, 1957-

2 G. Herzberg, SEcr of Diatomic Molecules (D. Van Nostrand Co., Inc.
Princeton,, 1950).

3 W. Roth, J. Chem. Phys. Ll. 720 (1959).

14 G. Charatis, L. R. Doherty, and T. D. Wilkerson, J. Chem. Phys. 27Y

14115 (1957).

5 Ref. 1, p. 195

6 F. A. Jenkins, Y. K. Roots, and R. S. Mulliken, Phys. Rev. 12 16(1932).

7 H. S. Mulliken, J. Chem. Phys. 2 j 247 (1960).

8 A. E. Douglas and P. M. Routly, Astrophys. J..(Suppl. Ser.)J,

295 (1955); contains references to earlier work.

9 P. K. Carroll, Can. J. Phys. L, 83 (1956).

10 R. Rydberg, Z. Physik U, 376 (1931)* 0. Klein, Z. Physik L,, 226 (1932);
A. L. Rees, Proc. Phys. Soc. (Londonj 22' 998 (1947); Vanderslice, Mason,
Maisch, and Lippincott, J. Mol. Spectroscopy 2.,17 (1959); 2, 83 (1960).

11 J. T. Vanderslice, E. A. Mason, and E. R. Lippincott, J. Chem. Phys. 30,
129 (1959); Nj 614 (1960); R. J. Fallon, J. T. Vanderslice, and
E. A. Mason, J. Chem. Phys. L2, 1453 (19 6 01; 1L 941 4 (1960).

12 J. T. Vanderslice, "Modification of the Rydberg.Klein-Rees Method for
Doublet Electronic States Intermediate between Hund's cases (a) and (b),"
Institute for Molecular Physics, University of Maryland Report No.
IMP-ONR-5, Feb. 23, 1962. (to be published).

13 E. L. Hill and J. H. Van Vieck, Phys. Rev. 22, 250 (1923).



TECHNICAL REPORT DISTRIBUTION LIST

CONTRACTOR UNIVERSITY OF MARYLAND NR, NO.

CONTRACT NUMBER Nonr 595(14)

NO. COPIES NO. COPIES

Commanding Officer Dr. F. Gilmore
Army Research Office The Rand Corporation
Box CM, Duke Station Santa Monica, California (1)
Durham, North Carolina
Attn: Scientific Synthesis Office (1) ONR Resident Representative

Johns Hopkins University
Brookhaven National Laboratory 34th and Charles Street
Chemistry Department Baltimore 18, Md. (1)
Upton, New York (1)

Dr. G. Herzberg
Atomic Energy Commission Division of Pure Physics
Division of Research National Research Council
Chemistry Programs Ottawa, Ontario, Canada (1)
Washington 25, D.C. (1)

Dr. A. M. Karo
Atomic Energy Commission Radiation Laboratory
Division of Technical Information Ext. University of California
Post Office Box 62 Livermore, California (1)
Oak Ridge, Tennessee (i)

Rev. J. F. Mulligan, 3. J.
U. S. Army Chemical Research and Department of Physics
Development Laboratories Fordham University
Technical Library New York 28, N. Y. (1)
Army Chemical Center, Maryland (1)

Dr. J. 0. Hirschfelder
Office of Technical Services Department of Chemistry
Department of Commerce University of Wisconsin
Washington 25, D.C. (1) Madison, Wisconsin (1)

Dr. A. Matsen Dr. G. B. Kistiakowsky
Department of Physics and Chemistry Department of Chemistry
University of Texas Harvard University
Austin, Texas (I) Cambridge, Mass. (1)

Dr. Basil Darwent Commanding Officer
Department of Chemistry ONR Branch Office
Catholic University of America NavyiplOO
Washington, D. C. (1) Fleet Post Office, New York, N.Y.

For transmittal to:
Dr. R. S. Mulliken Dr. D. R. Bates
Department of Physics Department of Applied Mathematics
University of Chicago The Queen's University of Belfast
Chicago 37, Illinois (1) Belfast, N. Ireland (1)



TECHNICAL REPORT DISTRIBUTION LIST

CO*N'RACTOR UNIVERSITY OF MARYLAND NR NO.

CO:-FACT NUMBER Nonr 295(14)

NO. COPIES NO. COPIES

Commanding Officer Air Force
Office of Naval Research Branch Office Office of Scientific Research(SRC-E)
The John Crerar Library Building Washington 25, D. C. (1)
86 East Randolph Street
Chicago 1, Ill' ois (1) Commanding Officer

Diamond Ordnance Fuse Laboratories

Commanding Officer Washington 25, D.C.

Office ct Naval Research Branch Office Attn: Technical Information Office

546 Broadway Branch 012 (1)
\e York 13, New York (1)

Office, Chief of Research and Development

'ommaridl-ig Officer Department of the Army
f'ffice oi Naval Research Branch Off. Washington 25, D.C.
103) East Green Street Attn: Physical Sciences Division (1)
i'asaoe.a 1, California (1)

Chief, Bureau of Ships

6ommincing Officer Department of the Navy
fflce of Naval Research Branch Office Washington 25, D.C.
.ox 59 Navy *100 Fleet Post Office Attn: Code 342C (2)
,Jew -ork, New York (7)

Chief, Bureau of Naval Weapons
.,irector, Naval Research Laboratory Department of the Navy
Wa'ington 25, D.C. Washington 25, D. C.
Att,. Inechnical Information Officer (6) Attn: Technical Library (3)

..nemistry Division (2) Code RRMA-3 (1)

tile. ot Naval Research ASTIA
',epartmeut of the Navy Document Service Center

Washington 25, D.C. Arlington Hall Station
Attn: Code 425 (2) Arlington 12, Virginia (10)

DDB and E Director of Research

Techrical Library U.S. Army Signal Research and

Room 3C-128, The Pentagon Development Laboratory
Washington 25, D.C. (1) Fort Monmouth, New Jersey (1)

echnical Director Naval Radiological Defense Laboratory

Research and Engineering Division San Francisco 24, California

Office of the Quartermaster General Attn: Technical Library (I)
Department of the Army
W.t.ington 25, D.C. (1) Naval Ordnance Test Station

China Lake, California

1esearcn Director Attn: Head, Chemistry Division (1)

,1o'*,In,1 -ind Organic Materials Division
Qxn 'ermaster Research and Engineering Command
V., Army --- Natick, Massachusetts (1)



TECHNICAL REPORT DISTRIBUTION LIST

CONTRACTOR-UNIVERSITY OF MARYLAND NR. NO

CONTRACT NUMBER Nonr 595(14)

NO. COPIES NO. COPIES
Commanding Officer Dr. D. A. Brown
Office of Naval Research Br. Office Department of Chemistry
Navy100 Fleet Post Office University College
New York, New York Upper Merrion Street
For transmittal to: Dublin, Ireland (i)

Dr. W. A. Bingel Dr. Joyce J. Kaufman
Max-Planck-Institute for Physics and RIAS
Astrophysics 7212 Bellona Avenue
Aumeisterstrasse 6, B l onarvenu
Munich, Germany (1) Baltimore 12, Maryland (1)

Madame R. Herman Dr. S. Golden

Observatoire de Paris Department of Chemistry

Section d'Astropysique Brandeis University

Meudon (S.-et-o.), France (1) Waltham 54, Mass. (1)

Dr. D. ter Haar Dr. D. F. Hornig

Clarendon Laboratory Department of Chemistry

Oxford University Princeton University

Oxford, England (1) Princeton, New Jersey (I)

Dr. B. G. Anex

Dr. H. C. Longuet-Higgins Department of Chemistry

Department of Theoreticl Chemistry Yale University

Cambridge University

Cambridge, England (1) New Haven, Conn. ()

Dr. N. H. March Dr. Harrison Shull

Department of Physics Chemistry Department

Sheffield University Indiana University

Sheffield, England (1) Bloomington, Ill. (1)

Professor C. A. Coulson Dr. J. C. Slater

Mathematical Institute Department of Physics

Oxford University Massachusetts Institute of Technology

Oxford, England (1) Cambridge, Mass. (1)

Dr. Arthur H. Guenther
Physics Division
Air Force Special Weapons Center
Kirtland AFB, New Mexico (1)


